Our simulated results offer a proof of concept that this interaction is a candidate independent 1 0 2 neural and computational mechanism underlying addiction vulnerability, putatively 1 0 3 characterizing three different endophenotypes differing in the likelihood to develop addiction, 1 0 4 severity of symptoms and treatment response. We suggest this neurocomputational mechanism 1 0 5 could interact with previously described ones to generate the variety of dissociable behavioral 1 0 6 traits reported in literature as associated with addiction vulnerabilities. In brief, we present two complementary models simulating endophenotypic differences and their 1 1 0 effects on addiction development and treatment response. We tested our simulated agents under 1 1 1 four conditions, and in environments granting free access to a substance of addiction, as usually 1 1 2 implemented in laboratory studies. In particular, we compared our simulated phenotypic 1 1 3 variability with the results described in a recent study investigating individual differences in rats 1 1 4 self-administrating the stimulants cocaine or a designer drug, a dopamine-and mixed dopamine-1 1 5 6 norepinephrine reuptake inhibitor, respectively (Gannon et al., 2017) . We selected this study 1 1 6 because it highlights how different drugs, dosages and tasks result in different ranges of 1 1 7 phenotypic differentiation. For instance, an initial acquisition phase, over a 10-day period, shows 1 1 8 compulsive behavior developed in up to 75% rats self-administering cocaine and 87.5% of those 1 1 9 exposed to the designer drug. Furthermore, under a condition of fixed ratio (=5) schedule, the 1 2 0 study showed self-administration varied significantly among subjects. A subset of rat population, 1 2 1 termed high responders, self-administered cocaine up to 60% more times in comparison with a consumption with the data reported in the chosen laboratory study. The two models comprised a neural mass model that has been validated and described in the In the neural model, addiction and treatment response were modeled through DA-dependent 1 3 1 associative plasticity in both ventral and dorsal circuits. In the RL model, aberrant learning was 1 3 2 modeled using a duplex of model-based and model-free schemes that competed for control over were tested under four successive phases; 1) before exposure to drug (termed pre-drug); 2) 1 3 8 7 learning of addictive behavior (termed addiction); 3) therapeutic interventions (termed 1 3 9 treatment) that revert the learning of the previous phase. These are stylized interventions that 1 4 0 simulate treatments prevalently affecting either goal-orented/model-based or habitual/model-free 1 4 1 control systems. In the first case, the treatment is assumed to modify only the internal model of approach is that neural and algorithmic models provide construct validation of each other, as 1 4 9 process and implementation theories (i.e., synaptic and dynamical mechanisms) complement the 1 5 0 normative principles formalized in the RL model. opposite activation status. 
Results.
3 3 5
Simulations from the neural field model. Under all conditions, the three stimuli randomly change every few seconds, putatively 3 3 7
representing a dynamic fluctuation of values associated with perceived cues in a non-static (Fig. 5A-B ). This phenotypic differentiation is consistent with well- optimal agent, knowing the environment structure and being able to compute the long-term 4 1 8 effects of drug, will never select drug-states (Table 3) . Finally, the simulations suggest that the hypothetical treatment targeting model-free control is 4 2 1 the most effective, reducing the likelihood to pursue drug-related behaviors for all 4 2 2 endophenotypes ( Fig. 5A) . In contrast, the model-based treatment appears to be less effective for before any treatment ( Fig. 5C) . At the opposite side of the control spectrum, the model-based addiction is developed (ߚ=1; Fig. 5D ). and the effects this interaction has on addiction development, and treatment response. As 4 5 7
classically described in previous models (Redish, 2004; Redish et al., 2008; Dayan, 2009 ), we over-learning in multiple DA targets (Bjorklund and Dunnett, 2007) . In the neural field model,
this mechanism results in the dysregulation of the circuit gain and associated dynamics of both found that both models jointly indicate that the balance between neural circuits or behavioral 4 6 7 control modalities is a candidate neurocomputational mechanism characterizing endophenotypes 4 6 8
in addiction. The neural and RL models converge in suggesting that individuals characterized by non-drug responses to the external stimuli, as they can only be generated by the dominant circuit.
Conversely, in balanced control endophenotypes, if any of the two circuits ignores the drug- cortico-striatal circuits. In turn, this modulation of system stability can foster or further impair 5 0 3
input discrimination and motor response versatility, affecting addiction symptomatology. As a 5 0 4
result, our neural model shows phenotypic variability emerging after the presentation of the In the RL model, we investigated whether the balance between model-based and model-free
modalities would also increase the robustness of the system against the selection of drug-states in responses. This increased diversity and overall reliability are likely to be induced by a higher 5 1 4
redundancy and diversification of the system. While both components may fail, the causes of 5 1 5
failures are not necessarily correlated. The model-based system can fail due to its sensitivity to 5 1 6 cognitive resources but it is more efficient in encoding previous experience of the agent. On the 5 1 7
other hand, the model-free component is more affected by limited exploration but it is more shape, where unbalanced control system are the most vulnerable to developing addiction. The phenomenon of relapse is more elusive and the two models do not fully converge on this one. The latter result is possibly due to the model learning process characterizing the model-
based component, which is affected by conflicting information as drug use is associated with 5 3 1 both positive and negative outcomes, experienced by the agent when entering the drug state It is worth noting that habitual and goal-oriented behaviors have neural representations in the 5 3 5
dorsal and ventral cortico-striatal circuits respectively, but they do not fully overlap with model- and RL models independently simulate choices among competing options in addiction. Thus, we Acknowledgments: The authors wish to thank Prof. Karl Friston for his comments and kind 5 5 6
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